A series of microporous carbons (chars) containing various amounts of magnetic Ni nanoparticles were prepared using a simple procedure. The resorcinol-formaldehyde polymers containing nickel(II) acetate was carbonized to produce chars (labelled as Ni/C-20, Ni/C-35 and Ni/C-50). All chars were characterized by X-ray diffraction, Raman spectroscopy, nitrogen adsorption and scanning electron microscopy methods. The formation of Ni crystallites (18 nm in size) occurs in carbon spheres measuring 1-2 μm in diameter. The Raman spectra show that the content of Ni influences the carbon structure. Dye-separation performance by Ni/C was investigated using methylene blue. The adsorption capacity was 26.6, 20.8 and 15.1 mg/g for Ni/C-20, Ni/C-35 and Ni/C-50, respectively.
INTRODUCTION
In recent years, carbon-based magnetic porous materials have attracted significant attention (Ang et al. 2004; Geng et al. 2004; Gorria et al. 2006 ) due to adsorptive advantages and better chemical inertness and thermal stability of carbons over polymers or silica.
Growing industrialization and technological developments are increasing the problem of environmental pollution, which is one of the most serious problems attracting worldwide attention. Application of carbon adsorbent technology is identified as one of the most effective ways to solve this problem. Magnetic carbon particles can be used to adsorb contaminants from aqueous effluents and, after adsorption, can be separated from the medium by a simple magnetic process.
In this paper, we propose an effective method for the synthesis of magnetically separable porous graphitic-like chars by pyrolysis, which can be used to fabricate magnetic porous graphitic carbons with relatively high surface area. Resorcinol-formaldehyde polymers were used as a carbon precursor and nickel(II) acetate was used as a precursor of magnetic nanoparticles. The magnetic nickel nanoparticles and graphitic carbon skeleton are simultaneously formed during heating treatment under argon atmosphere.
Preparation of Nanocomposites
The Ni/C adsorbents were prepared based on the synthesis of resorcinol-formaldehyde polymers in the presence of Ni(ac) 2 . In a typical preparation protocol, nickel(II) acetate (8, 14 or 20 g) was dissolved in 50 ml of distilled water. Then resorcinol polymers (10 g) were added under stirring. After complete dissolution of all components, 15 g of formalin was added into the solution at room temperature (18 °C). This system was hermetically sealed and placed into a thermostatic oven and treated at 85 °C for 24 hours. The mixture was allowed to polymerize to form Ni/resorcinol-formaldehyde polymers. The polymers were then ground and dried at 90 °C for 10 hours. The precursors were carbonized in a tubular furnace under argon atmosphere from room temperature to 800 °C at a heating rate of 5 °C/minute and kept at the maximum temperature for 2 hours. The as-prepared magneto-sensitive carbon materials were labelled as Ni/C-20, Ni/C-35 and Ni/C-50 because the total content of nickel in the sample was about 20, 35 and 50 wt%.
Characterization Methods
Chars (C/Me) were characterized using an emission scanning electron microscope (FEI Quanta 3D FEG) with EDAX-ZAF Quantification (Standardless), Element Normalized. The X-ray diffraction (XRD) patterns were recorded at 2θ = 10-80°using a DRON UM1 diffractometer (Burevestnik, St. Petersburg, Russia) with Co-K α radiation and a graphitic monochromator. The average size of crystallites was estimated using the Scherrer equation (Jenkins and Snyder 1996) .
To analyze the textural characteristics of nano-oxides, low-temperature (77.4 K) nitrogen adsorption-desorption isotherms were recorded using a Micromeritics ASAP 2405N adsorption analyzer. The specific surface area (S BET ) was calculated according to the standard BET method (Gregg and Sing 1982) . The total pore volume V p was evaluated from the nitrogen adsorption isotherm at p/p 0 = 0.98-0.99, where p and p 0 are the equilibrium and saturation pressure of nitrogen at 77.4 K, respectively. The nitrogen desorption data were used to compute the pore size distributions (PSDs, differential f V (R) ~ dV p /dR and f S (R) ~ dS/dR) using a self-consistent regularization procedure under nonnegativity condition (f V (R)≥0 at any pore radius R) at a fixed regularization parameter α=0.01 with a complex pore model with slit-shaped pores [19] . The differential PSD s SCV/SCR with respect to pore volume f V (R)~dV/dR, ∫ f V (R)dR ~ V p were recalculated as incremental PSD (IPSD, ∑Φ V,i (R) = V p ). The f V (R) and f S (R) functions were also used to calculate contributions of micropores (V micro and S micro at R < 1 nm), mesopores (V meso and S meso at 1< R < 25 nm), and macropores (V macro and S macro at R >25 nm) to the total pore volume and the specific surface area."
The Raman spectra were recorded using an inVia reflex microscope (DM LM Leica Research Grade, Reflex, Renishaw, UK; excitation with a laser at 514 nm). For determination of the adsorption capacity, 50 ml of aqueous solution of MB with a concentration of 68.58 mg/l was added into flasks containing 0.2 g of Ni/C composites. The flasks were placed in a thermostatic shaker at 25 °C for 12 hours to establish the adsorption equilibrium. The adsorbent and the solution were then separated using a magnet. The solutions were analyzed for residual MB concentration using a Lambda 35 (Perkin-Elmer) UV-visible spectrophotometer at 663 nm (1-cm quartz cell). The concentration of MB was determined using a calibration curve, which was linear over the concentration range used in this study. The amount of MB adsorbed on chars/unit mass of carbon, q (mg/g), was determined from as follows:
where C 0 and C eq (mg/L) are the initial and equilibrium concentrations of MB, respectively, V is the volume of solution (L) and m is the amount of carbon (g).
RESULTS AND DISCUSSION 3.1. Characteristics of Composites
During carbonization, under the influence of the products obtained in pyrolysis, the transition of nickel to metallic state is observed [ Figure 1(a) ]. The XRD patterns [Fig 1(a) ] show that Ni(ac) 2 was completely reduced to metallic state with the face-centered cubic structure during the carbonization at 800 °C, confirmed by the presence of three dominant peaks at 2θ of 52°, 61°and 92°. The peak at 2θ = 30.55°is attributed to the (002) plane of the hexagonal graphite structure, which has an average crystallite size of 7-8 nm ( Table 1 ). The compositions of nickel and carbon were pre-determined using the thermogravimetric method (Galaburda et al. 2014 ). According to XRD data, all chars are composed of small crystallites and amorphous fragments. However, according to the Raman spectra [ Figure 1 (b)], their crystallinity is different. The intensity of the G band at 1582 cm -1 , which corresponds to the stretching vibrations of the basal graphene layers in all carbon materials (Yoshida et al. 2006) , decreases with the increasing Ni content. The D band at approximately 1353 cm -1 , which is associated with disorderly sp 3 structures, becomes more active when graphitic-like crystallinity decreases (Tuinstra and Koenig 1970) .
The integral intensity ratio of the D and G peaks (A D /A G ), the peak full-width at half maximum and the peak position change with the Ni content (Table 1) . It can be seen that the D/G intensity ratio for Ni/C-50 is greater than that of Ni/C-20 [ Figure 1(b) , Table 1 ]. A relatively high A D /A G ratio indicates the presence a great amount of amorphous carbon. The increased D peak and its shift towards lower wave numbers may be explained by the appearance of nanographite structures (Sergiienko et al. 2009 ). The position of the G line depends on domain size, and the shift towards high frequency observed (by 20 cm -1 in Ni/C-50 that is higher than that for the G band) reflects a decrease in crystallite sizes and an increase in sizes of defects (Table 1) .
The microscopic analysis [scanning electron microscopy (SEM)] with energy dispersive X-ray analysis quantification was undertaken to elucidate the microstructural arrangement of Ni and C as well as their elemental composition and to determine the morphology of Ni/C nanocomposites. Figures 2(a and d) show embedded and highly dispersed nickel nanoparticles (bright light dots) in a carbon matrix (light grey pellets). Figure 2(b) shows the formation of large Ni clusters of irregular shape. These results are confirmed by the data of the energy dispersive X-ray analysis. The corresponding peaks of Ni and C elements are shown in Figures 2 (d and e ). In addition, a small portion of Ni nanoparticles is formed on the outer surface of the Ni/C composite. The Ni/C particles measure approximately 1-2 μm. A highly inhomogeneous dispersion of Ni is observed with increasing nickel content and these Ni clusters are clearly discernible [ Figures 2(b and d) ]. An inhomogeneous dispersion of Ni can be formed due to several reasons, including inhomogeneous distribution of Ni(Ac) 2 during polymerization, and redistribution of Ni nanoparticles during heating caused by their migration and gathering effect. The formation of large Ni aggregates on the outer surface of char particles results in a decrease in the content of Ni inside the carbon particles. Moreover, SEM images show carbon nanotube growing on the Ni particles [Figures 2 (a and c) ]. The textural characteristics of nanocomposites were studied using low-temperature nitrogen adsorption/desorption isotherms [ Figure 3(a) ]. All materials exhibit typical type IV isotherms (H3 type of hysteresis loops), according to the International Union of Pure and Applied Chemistry classification. Capillary condensation occurs in a relative wide range of pressure (p/p 0 = 0.45-1.0), which indicates complex mesoporosity. However, there is a decrease in the BET surface area and total pore volume with increasing Ni content. This is due to increased density (owing to incorporating Ni nanoparticles) and/or blockage of mesopores by Ni nanoparticles. According to the PSDs, the main contribution of the nanocomposites to the textural porosity results from their micropores and mesopores (Figure 3 , Table 2 , V mic , S mic at R < 1 nm and S meso , V meso at 1 < R < 25 nm). The specific surface area of the nanocomposites is in the range of 318-187 m 2 /g and it slightly diminishes with increasing metal content.
Adsorption Capacity
Magnetically separable porous carbon materials are highly attractive options for many applications associated with liquid-phase processes. In this study, MB was chosen as a model pollutant for studying adsorption. The adsorption capacity achieved for Ni/C-20, Ni/C-35 and Ni/C-50 was 5.7, 5.4 and 2.4 mg/g, respectively. It can be noted that there is fast uptake of the dye during the first 30 minutes of the adsorption process (40% of MB was adsorbed); however, from there on the uptake becomes slower as the amount of dye adsorbed reaches its equilibrium (25% adsorption during 3 hours and 35% during the next 9 hours). This adsorption process is related to the micropore volume of Ni/C, which accounts for more than 55% of the total pore volume: MB is not completely adsorbed because part of micropores may not be available for their adsorption as MB molecules have bigger molecular sizes. Because the nitrogen molecule is much smaller than that of MB, only broad micropores (and broader pores) are accessible for MB molecules. Moreover, large Ni aggregates on the outer surface may also limit the diffusion of guest molecules into and out of the pores [ Figure 2(b) ]. In addition, the amount of MB adsorbed decreases with the reduction in carbon content (Galaburda et al. 2014) .
CONCLUSION
In summary, magnetically separable porous graphitic-like chars with specific surface area of 180-300 m 2 /g and total pore volume of 0.13-0.21 cm 3 /g were synthesized by pyrolysis. The heterogeneity of the texture of the adsorbents increases with increasing nickel content as well as with the formation of fibrous structures at the surface of carbon globules. The content of graphitic structures in the chars after pyrolysis is improved with decreasing nickel content. Despite the variations in the textures of the adsorbents, the total adsorption capacity extends in proportion to the specific surface. 
